Experiments with irradiated single-walled carbon nanotubes are shown to generate a set of probability distribution functions and to derive a set of information theoretic entropy-based parameters. Energetic Cs + ions initiate linear collision cascades and nonlinear thermal spikes in single-walled carbon nanotubes. The probability distribution functions are constructed from the normalized experimental yields of the sputtered atoms and clusters. The information or Shannon entropy and fractal dimension are evaluated for each of the emitted species. Along with the fractal dimension, the information is used to identify and distinguish the energy dissipation processes that generate conditions for monatomic sputtering and clusters emissions.
Introduction
Emission of multi-atomic carbon clusters ; > 1 from the heavy ion irradiated fullerenes [1] , single [2] and multi-walled carbon nanotubes [3] , is a rule rather than the exception.
Monatomic carbon C1 is either not sputtered at low ion energies or has very low yield as compared with the clusters' yields. Neither the phenomenon of cluster emission nor their consistently enhanced yields can be explained by the linear collision cascade theories [4] [5] [6] . We recently developed a thermal model to provide justifications for localized thermal spikes in irradiated nanotubes [7] , Si, Ge and ZnO [8] . However, the ambiguity still persists regarding the details of the processes and sequences of ion-induced kinetic and thermal effects that produce monatomic C1 on the one hand and clusters on the other. Here we analyze the results of mass spectrometry of the sputtered atoms and clusters. It is shown that C1 sputtering yields have direct dependence on Cs + energy E(Cs + ). This being the evidence of the existence of binary collision cascades [5, 6] . The observed cluster yields are independent of the ion energy. At lower E(Cs + ), the normalized sputtering yields of clusters are consistently higher than the monatomic yield [1] [2] [3] . In this letter, the irradiated SWCNTs are considered dissipative dynamical systems [9] [10] [11] . Such a dynamical system can be described by evaluating information or Shannon entropy [12] of all the dynamical processes. To identify the relative contributions of the mechanisms of cascades and thermal spikes, the normalized probabilities of emission of sputtered species ( ); ≥ 1 are calculated from experimental data of SWCNTs with 2 nm diameters, irradiated with Cs + with E(Cs + ) = 0.2 to 2.0 keV. From the experimentally determined probabilities, the instantaneous and cumulative entropies [12] [13] [14] of all sputtered species are obtained. We show that the fractal dimensional analysis [15] [16] [17] based on information [18] provides the information about the simultaneous existence and the relative contributions of the twin-mechanisms of binary collision cascades and thermal spikes. The fractal dimension of the four characteristic sputtered species
is used as a diagnostic tool that identifies cascades and thermal spikes and the associated mechanisms of energy transfer by Cs + ions to atoms of SWCNTs. We show that fractal analysis is a powerful tool to probe the ion-solid interactions.
Ion-induced sputtering is the major source of radiation damage in solids. It is a wellestablished field with numerous crowning technological achievements. A significant proportion of the ion energy is assumed to be dissipated in binary collision cascades. The atomic sputtering and the associated vacancy generation are defined as linear energy dissipation mechanisms. Under certain circumstances, the nonlinear component of the irradiating ion's energy is effectively operative and can generate localized thermal spikes whose experimental evidence, theoretical interpretations and MD simulations have established the conditions for various ion-target combinations and the ion-energy dependence. Comprehensive summaries of the individual, combined and the relative effects of the cascades and spikes has been provided in various reports and reviews [19] [20] [21] [22] . The irradiation effects in carbon nanostructures have been investigated in recent years due to the potential applications of graphene and nanotubes [23, 24] . In this communication, a model is developed based on the mass spectrometry of the sputtered atoms and clusters that are emitted from irradiated single-walled carbon nanotubes (SWCNTs). In this model the apparently distinct, different and diverse fields of Radiation Damage, Information theoreticentropy and Fractal dimensional analysis have been integrated by using the appropriately defined probability distribution function ( ) derived from the normalized emission densities of carbon atoms and clusters ≥1 from Cs + -irradiated SWCNTs.
Materials and methods
The Source of Negative Ions by Cesium Sputtering-(SNICS) [24] and a momentum analyzer were used for experiments to study the sputtering of SWCNTs. [25] . SNICS operates at low temperature (~100℃) at which neutral Cs o ionizes. It is a preferable, low temperature collision chamber to study the sputtered neutral species by conversion into anions with the attachment of electrons after ejection from the irradiated surface.
The probability distribution function ( )
Mass spectra of anions is obtained for an extended range of Cs + energies-( + ) from low to moderate energies (~ 0.2 to 2.0 keV) in 0.1 keV steps. The normalized emission probability of Cx as a function of ( + ) is defines as
.
In this communication ( ) with the implied ( + ) dependence will be used as shown in equation (1) . The advantages of using this probability distribution function in the context of radiation damage theory, information theoretic entropy and fractal dimensions is to understand and explain four experimental observations from the mass spectra of the sputtered atoms and clusters ≥1 ; (i) the absence of monatomic C1 at very low ( + ) and it's consistent, low relative densities at higher Cs + energies, (ii) the higher, relative densities of C2, C3 and C4 clusters at all irradiation energies, (iii) the energy dependence of the probability ( 1 ) of C1 on ( + ) and (iv) the observation that probabilities ( ) of C2, C3 and C4 do not have explicit dependence on ( + ).
These experimental observations are vividly demonstrated by the data in Figure 1 (a) that has the mass spectrum dominated by clusters >1 . C1 has very low yields. Figure 1 (b) clearly demonstrate this fact with low ( 1 ) as compared with ( 2 ) and the probabilities of the higher clusters. Figure   1 (b) shows the probability distribution function as the basic data content of the radiation damagerelated description of the irradiated SWCNTs. has the cumulative data of emission probabilities ( ) of the six sputtered species of the entire energy range of Cs + . The data presented in figure 1(b) is for anions whose structural stability is well established [26] . However, we further tested the stability of individual anions ( 1 − to 6 − ) by accelerating each individual carbon anion to the High Voltage Terminal of 2 MV Pelletron [27] .
Anions' structural stability after emission from SWCNTs is essential for accurate analysis and the conclusions reached thereafter. The normalized probability profiles of the five negatively charged sputtered clusters − , > 1, and the atomic 1 − shown in Fig. 1(b) , are obtained from the areas under each species from the set of nineteen mass spectra. 
Information theoretic entropy and fractal dimension
We evaluate the information theoretic entropy from the experimentally determined probability distribution ( ) as a function of ( + ) as
The summation is over all energy steps of the probability distribution for each sputtered species, from the minimum to the maximum ( + ). The information theoretic analysis is used to identify the processes where the external energetic ions induce radiation damage in irradiated nanotubes.
Entropy for each sputtered species provides a measure of information about the underlying mechanism that is responsible for the emission of atoms and clusters. The output from the irradiated nanotube is treated as the information given out from the SWCNT that received a welldefined ionic energy input.
In Figure 2 The information alone cannot provide conclusive evidence about the detailed character of the energy dissipation mechanisms. We show that fractal dimension derived from information emerges as an additional, analytical tool to unambiguously characterize the mechanisms responsible for atomic and cluster emissions. Fractal dimension can be calculated from the plots of − ( ) ( ) against ( + ) as
In figure 3 (a) the fractal dimensions ( ) are evaluated for the sputtered species from C1 to C4.
The two parameters ( ) and ( ) are employed in this communication to identify, distinguish and quantify the externally induced dynamic processes in irradiated carbon nanotubes. The above mentioned four (4) experimental observations from the mass spectrometric data and its information theoretic description based on ( ) and ( ) configures the two dynamic processes; the linear collision cascades and the nonlinear thermal spikes. Two different energy scales are associated with the two processes that will be discussed later.
Another important parameter, relative entropy (( ( 1 ) ∥ ( 2 )) is defined using the probability distributions of 1 and 2 to estimate the distance between the two physical processes that generate them. Relative probability is a measure of the distance between the probability distributions ( 1 ) and ( 2 ). In physical terms, it implies that the two sets of information may have different origins or spatial properties. It is defined in ref. [14] as
In figure 3(b) , the relative probability of C1 versus C2 reduces by 50% for the damaged SWCNTs as opposed to the value for the pristine nanotubes. It implies that the distance between the two probability distributions ( 1 ) and ( 2 ) reduces in the damaged SWCNTs. orbital that may contribute to defect formation and thermal effects [24] . We are proposing such a mechanism in figure 4 . . The spike temperatures ~3500 can be generated and have been calculated from the sputtered cluster probabilities [7] . At these temperature clusters are emitted from the localized subliming regions. Depending upon the initial energy, any of the atoms shown with (+) sign or arrows, can be sputtered. Whenever that happens, atomic sputtering is proposed to occurs and identified as C1 peak in the mass spectrum in Figure   1 (a). The experimentally observed C1 yields have the direct dependence on ion energy.
Conclusions
In conclusion, an information theoretic model for the fragmenting, irradiated SWCNTs has been described that has the calibrated Cs + energy as the input signal. The energy is consumed and dissipated in linear and nonlinear processes. The output signal appears in the form of atoms and clusters sputtered from the surface of the irradiated nanotube. Probability distribution functions are constructed, for each emitted species, from their normalized current densities. Information is compiled for all emitted constituents as Shannon and the relative entropies. The information so obtained, is employed to calculate fractal dimension of the sputtered species. We have shown that together, these information theoretic parameters identify, distinguish and characterize the existence and the relative operational efficiency of the linear cascades and nonlinear thermal spikes on the surface of the irradiated SWCNTs. The information theoretic entropic model developed for the irradiated carbon nanotubes can be extended to the energy dissipating environments where both the linear and nonlinear processes are operative.
